Abstract-A high-yield neutron source has been designed for the screening of sea-land cargo containers for shielded special Nuclear Materials (SNM). The accelerator-driven neutron source utilizes the D(d,n) 3 He reaction to produce a forward directed neutron beam. The key components of the neutron source are a high-current radio-frequency quadrupole (RFQ) accelerator and a high-power neutron production target. A thin entrance window has been designed that minimizes the energy loss of the deuteron beam and withstands the gas pressure. The source will be capable of delivering a neutron flux of up to 2·10 7 n/(cm 2 ·s) at a distance of 2.5 m from the target and will allow the comprehensive testing and demonstration of active neutron interrogation.
I. INTRODUCTION
dvanced neutron interrogation techniques offer great promise for the detection of shielded special nuclear materials (SNM) in sea-land cargo containers. Neutrons are able to penetrate cargo and shielding materials and to stimulate detectable SNM signatures. The container is probed with a pulsed, forward directed beam of fast neutrons that thermalize and induce nuclear fission in the SNM. The shortlived fission products emit β-delayed photons and neutrons that signal the presence of hidden nuclear materials [1] . These γ-rays and neutrons can be detected over a period of tens of seconds following a neutron beam pulse by large detector arrays placed alongside the container. High-energy γ-rays with energies above ~3 MeV are a characteristic fission signature since they are distinct from normal radioactive background which typically does not exceed 2.6 MeV. Delayed neutrons are nearly 10 times less abundant than delayed photons and much more easily absorbed in hydrogenous materials that might surround the SNM. Another neutron induced, characteristic SNM signature may be seen in the die away of fast neutrons following the interrogating neutron pulse. The die away of the thermal neutron flux can take up to several hundred microseconds during which time they induce fission events in the SNM. The detection of prompt, fast neutrons from these events forms the basis of the pulsed neutron differential die away analysis method [2] .
Presented here is the design of a neutron source for the active interrogation of sea-land cargo containers as described in the so "Nuclear Car Wash" concept [1] . Our goal is to design and build a neutron source that can provide the range of neutron energies and fluxes required for the comprehensive testing and demonstration of the full capabilities of a neutron interrogation system.
II. NEUTRON SOURCE REQUIREMENTS
The role of active neutron interrogation of sea-land cargo containers in a port of entry is currently being seen as that of a secondary, alarm-resolving method to be employed when primary screening has identified suspicious cargo containers or suspicious regions in a container. A secondary system must be able to achieve a high detection probability and low false alarm rate for hard to penetrate cargo. Interrogating and clearing 40 ft containers at interrogation times on the order of minutes is expected to require a high-yield neutron source.
Recent studies [3] found that neutron energies should be in the 5-8 MeV range to achieve good penetration while limiting the activation of cargo materials and equipment. The upper neutron energy limit is determined by activation of cargo and other materials that leads to the emission of interfering γ-rays with energies above 3 MeV and with decay times comparable to those of fission products. The 16 O(n,p) 16 N reaction leading to the emission of 6.1 MeV gammas with a 7.1 s half-life has been identified as the most important interference that must be avoided by keeping the maximum neutron energy below the 10.2 MeV reaction threshold [3] . The importance of other, weaker interferences at lower neutron energies is still being studied.
The required neutron flux for producing a detectable fission rate depends not only on cargo and shielding to be penetrated, inspection times, required detection probabilities, and false alarm rates, but also on the background count rate in the detectors and its variability. The highest signal to background ratio and lowest impact of interferences can be achieved by using a short neutron pulse, one to several seconds long, A 2006 IEEE Nuclear Science Symposium Conference Record N14-37
followed by a counting period of several tens of seconds. Our design goal is a neutron flux >1·10 7 n/(cm 2 ·s) at 2.5 m from the neutron production target, i.e., at the location of the center of a cargo container. Furthermore, the source must be suitable for deployment in the field and operation by non-experts.
III. NEUTRON SOURCE CONCEPT
The D(d,n) 3 He reaction has several distinct advantages compared to other deuteron and proton induced nuclear reactions that can be utilized to produce large neutron yields. The reaction has a positive Q-value of 3.27 MeV [4] so that neutrons in the desired energy range can be generated at moderate deuteron beam energies of 4-6 MeV. The reaction has a large cross section and produces a kinematically collimated, forward directed beam resulting in a significantly higher flux of neutrons in the 5 to 8 MeV energy range than otherwise achievable. In contrast to other high-yield reactions, the neutron spectrum does not exhibit a low-energy component. This is advantageous for the application addressed here because neutrons with energies below ~3 MeV are less penetrating in low-Z and hydrogenous cargoes than more energetic ones and thus produce significantly fewer fission events per unit radiation dose to the container. Furthermore, the D(d,n) 3 He reaction allows the selection of an optimal neutron energy range. The upper energy limit is determined by the deuteron beam energy and the energy loss in the target window. The lower limit can be adjusted by choosing an appropriate target thickness. As an example, Fig. 1 shows calculated neutron energy spectra at 0º for a 6 MeV d + -beam that is fully stopped in a deuterium target and a spectrum for a thinner, 3 MeV energy loss, target. A thin-window gas target has been chosen because its conversion efficiency is much higher than that of heavy water or deuterium loaded metal targets [5] .
In our accelerator-driven neutron source design a highcurrent d + -beam is extracted from the ion source and accelerated in a compact RFQ-accelerator to 6 MeV. The beam is directed onto a deuterium gas target for conversion into a neutron beam. A time-average d + -beam current >1 mA is required to produce the desired neutron flux of more than 1·10 7 n/(cm 2 ·s) at a distance of 2.5 m from the neutron production target. Because the maximum neutron energy of 8.7 MeV may activate interferences, the design includes energy degrader foils that can be inserted into the deuteron beam to reduce the d + -energy and thus the maximum neutron energy.
IV. NEUTRON SOURCE DESIGN
A 3D model of the neutron source is shown in Fig. 2 . The key components of the source are a high-current RFQaccelerator and a high-power neutron production target. 
A. Accelerator Design
A microwave-driven ion source [6] has been chosen because it can run at high power and high duty factor for long periods of time without requiring maintenance due to the fact that it has no consumable parts such as a filament. In first tests [7] such a source has produced a 40 mA beam current with an 85% atomic fraction for efficient RFQ operation. The beam is shaped by an electrostatic LEBT with two Einzel lenses and two pairs of steering electrodes embedded in the center and injected into the RFQ at 60 keV [7] .
The largest component of the neutron source is the 6 MeV RFQ-accelerator. Design goals were good beam capture and transmission efficiencies while keeping the RFQ compact. A 200 MHz RFQ design with a "kick-bunch" beam dynamics design [8] was chosen to achieve a high peak current. While the 200 MHz RFQ is ~1 m longer than a 400 MHz one, it can operate at twice the peak current, or half the duty factor, which greatly lowers the RF power consumption. The amplifier for the RF drive can be based on gridded-tubes which makes a 200 MHz system significantly less costly and more compact than a klystron-based 400 MHz system.
In our design the RFQ is assembled from 4 modules. Each module consists of four solid copper parts, each a precisely machined sidewall and vane structure, that are bolted together. The vacuum seal is achieved with a unique, custom 3D "O"-ring shaped like the edges of a cube. With an injected current of 40 mA, 85% atomic fraction, and 90% transmission the peak accelerated current is 30 mA resulting in a time averaged beam current of 1.5 mA for a 5% duty factor. The peak RFQ power is estimated as ~830 kW with ~650 kW for cavity excitation. 
B. Beam Transport and Target Design
As indicated in Fig. 2 . the d + -beam is transported and directed towards the target by a pair of quadrupole magnets and a 90º bend magnet. The high-current beam must be spread out before reaching the target in order to reduce the power density and prevent damage to the window. This is accomplished by an air-core scan magnet that produces a small deflection and is followed by a defocusing quadrupole for amplifying the initial deflection. The beam is swept across the target over an angular range from -6º to +6º once during every 0.278 ms long beam pulse.
Thin tungsten foils that can be inserted into the deuteron beam are mounted close to the target to reduce the d The critical part of the gas target is a specially-designed, thin entrance window that minimizes the energy loss of the deuteron beam and withstands a gas pressure of 2.5 atm. It must be efficiently cooled to remove the absorbed heat. Our design uses a 10 µm thick Havar foil in which a 6 MeV d + -beam loses 0.56 MeV. Because the window is 4 cm x 35 cm in size, the thin foil is supported by a molybdenum backer with 1 mm wide ribs aligned parallel to the short side of the window. The gaps between the ribs are 3 mm wide for a transparency of ~75%. The thin window foil is convectively cooled by flowing deuterium gas across it as indicated in Fig. 3 . The D 2 gas in the target chamber must be cooled by circulating it through a heat exchanger. The gas is flown downwards through the 50 cm long target chamber to aid the window cooling. The beam power on the target is limited by the thermal stress generated in the support grid. The target has been designed to handle a 1 mA, 6 MeV d + -beam or a 1.5 mA, 4 MeV beam. Fig. 3 . Deuterium gas target (in cross section) and entrance window.
V. PREDICTED NEUTRON SOURCE PERFORMANCE
The neutron beam has been modeled using angle and energy dependent cross sections for the D(d,n) 3 He reaction [4] and stopping power calculations [9] . 
VI. CONCLUSION
An accelerator-driven neutron source has been designed based on a high-current RFQ-accelerator and a high-power deuterium gas target. The source is expected to provide a forward directed neutron beam with neutron energies up to 8.7 MeV and fluxes exceeding 1·10 7 n/(cm 2 ·s) at a distance of 2.5 m from the target. The neutron source has been designed to provide a range of neutron energies and fluxes for the comprehensive testing and demonstration of active neutron interrogation with realistic cargo and shielding configurations.
